Nucleotide excision repair (NER) protects the genome following exposure to diverse types of DNA damage, including UV light and chemotherapeutics. Mutations in mammalian NER genes lead to diseases such as xeroderma pigmentosum, trichothiodystrophy, and Cockayne syndrome. In eukaryotes, the major transcription factor TFIIH is the central hub of NER. The core components of TFIIH include the helicases XPB, XPD, and the five core 'structural' subunits. Two of these core-TFIIH proteins, p44 and p62 remain relatively unstudied; although p44 is known to regulate the helicase activity of XPD during NER. p62's role is thought to be structural; however, a recent cryo-EM structure shows p44, p62, and XPD making contacts with each other, implying a more extensive role in DNA repair beyond the structural integrity of TFIIH. Here, we show that p44 stimulates XPD's ATPase, but upon encountering DNA damage further stimulation is only observed when p62 is in the ternary complex; supporting a role for p44/p62 in TFIIH's mechanism of damage detection. More significantly, we show that the p44/p62 complex binds DNA independently of XPD and diffuses along its backbone, indicating a novel DNA-binding entity in TFIIH. This revises our understanding of TFIIH and prompts more extensive investigation of all of the core subunits, for an active role during both DNA repair and transcription.
Introduction
Cell survival relies on accurate replication and transcription of genetic material. When DNA is damaged, rapid repair is essential to ensure genome integrity. Defects in the nucleotide excision repair (NER) machinery lead to diseases such as xeroderma pigmentosum (XP), which is phenotypically characterized by UV hyper-sensitivity and increased incidence of skin cancers (1) . Mutations found in many components of the NER pathway, including TFIIH can lead to XP. Core TFIIH comprises two helicases, one is enzymatically involved in both transcription and repair (XPB), whereas the catalytic activity of XPD is necessary only for repair (2, 3) . In addition, TFIIH possesses five other core subunits: p44, p62, p34, p8, and p52 (4, 5 1987b, 6-14) . p44 and p52 stimulate XPD and XPB's helicase activities respectively (9, 15, 16 ), likely on a structural level. However, as yet no other activity is assigned to any of the core TFIIH subunits. The recent cryo-EM structure of TFIIH (17) reveals numerous interactions between p44, p62, and XPD, possibly suggesting a direct involvement in DNA repair.
In this study, we show that p44 stimulates the ATPase activity of XPD, however the co-purified complex of p62 and p44 further enhances XPD's ATPase on damaged DNA. These data suggest that p44/p62 may play an important role in damage discrimination within TFIIH. Moreover, using single molecule fluorescence microscopy we directly confirm the p44/p62 complex binds to and diffuses along double-stranded DNA (dsDNA); identifying it as a novel DNA binding unit in TFIIH. These first glimpses of p44/p62 activity suggest it is directly relevant to the mechanism of damage detection, playing more than just a structural role.
Results & discussion
XPD's ATPase is stimulated by p44/p62 p44 contacts both p62 and XPD in TFIIH (9, 17, 18) , and mutations in XPD that disrupt p44 or p62 binding cause defects in NER and result in disease (3, 9, 16, 18) . To investigate if p44/p62 was able to stimulate the ATPase of XPD, the turnover of ATP in the presence of different DNA substrates was measured using an NADH-coupled assay.
In the absence of p44 and p62, XPD's ATPase activity is slow even in the presence of (p44/p62). However, remarkably, when damage (a fluorescein moiety shown to proxy for damage (19) ) was introduced into a dsDNA substrate, p44/p62 accelerated XPD's ATPase two-fold more than on undamaged DNA (Figure 1A & B) . N-p44 alone could not accelerate XPD's ATPase in the presence of damage, indicating the ternary complex (p44/p62) is responsible for this further enhancement and thus may play an important role in lesion detection. These results may explain why truncations of the yeast p62 homologue (Tfb1) sensitize the organism to UV irradiation (20) (21) (22) .
To further investigate the role of p44 and p62 in activating XPD we analyzed XPD's helicase activity on an open fork substrate. Again, p44/p62 is seen to play an active role by enhancing the helicase activity compared to N-p44 alone ( Figure 1C ).
Although no damage is present in the open fork substrate, p44/p62 significantly enhances XPD's ability to successfully unwind the DNA substrate (two-fold more than XPD with N-p44), despite no change in ATPase activity ( Figure 1A) . 
The p44/p62 complex directly binds DNA
The role of p44/p62 in the recognition of damage presents the intriguing possibility that this complex could interact with DNA independently from XPD. To investigate this, we used a single molecule DNA tightrope assay (23) (Figure 2) . Conjugation of a fluorescent quantum dot (QDot) to the poly-histidine purification tag on the p44/p62 complex (24) was achieved using an anti-His IgG antibody. Substantial binding of p44/p62 to dsDNA was observed, and of these approximately 80% could diffuse (n = 599 total) providing the first direct evidence that these factors are able to bind DNA independently of XPD. The p44/p62 complex displayed multiple types of behavior on DNA. Firstly, we observed complexes randomly diffusing along the DNA, unable to pass one another (Figure 2) . Secondly while diffusing, pausing was seen, often at the same location on the tightropes. This may indicate a visit to a damage site or a specific sequence.
Finally, fluorescence intensity fluctuations of the same molecule over time suggest possible oligomerization. At elevated salt concentrations (100 mM vs 10 mM KCl) fewer molecules bound to DNA, and of these, a lower percentage diffused (55%, n = 58 total). We calculated the diffusion constant using mean-squared displacement analysis (23) and found no significant change (p > 0.05) between salt conditions (10 mM KCl 0.067 µm 2 /s ± 0.006 vs 100 mM KCl 0.042 µm 2 /s ± 0.010), which suggests that p44/p62 molecules slide along the DNA helix (25) . Based on the estimated size of a p44/p62 complex conjugated to a QDot, the diffusion constant appears limited by rotation-coupled diffusion around the backbone of the DNA helix (26) . This is consistent with the inability for complexes to pass one another on the DNA.
In summary, we present the first mechanistic characterisation of the non-helicase TFIIH subunits p44/p62. Complexes formed by these two proteins were observed to bind and slide on dsDNA. Our bulk phase ATPase and helicase data indicate that p44/p62 is involved in damage recognition. One could speculate that p44/p62 actively enhances TFIIH activity towards scanning the opened repair bubble to position TFIIH factors for subsequent excision. Nonetheless, our results clearly show that the p44/p62 complex plays an active and not just a structural role in the TFIIH complex.
Methods

Purification
The genes encoding p44 and p62 were cloned from C. thermophilum cDNA. p62 was cloned into the pETM-11 vector (EMBL) without a tag. p44 was cloned into the pBADM-11 vector (EMBL) containing an N-terminal hexa-Histidine tag followed by a TEV cleavage site. p62 and p44 were co-expressed in E. coli BL21 CodonPlus (DE3) RIL cells (Agilent) and were co-purified via immobilized metal affinity chromatography (Ni TED, Machery-Nagel), followed by size exclusion chromatography (SEC), and anion exchange chromatography (AEC). SEC was conducted with a HiLoad 16/600 Superdex 200 prep grade column (GE Healthcare) in 20 mM Hepes pH 7.5, 250 mM NaCl, and 1 mM TCEP. AEC was conducted with a MonoQ 5/50 GL column (GE Healthcare). The proteins were eluted via a salt gradient ranging from 50 to 1000 mM NaCl. AEC buffers were composed of 20 mM HEPES pH 7.5, 50/1000 mM NaCl, and 1 mM TCEP. The p62/p44 protein complex was concentrated to approximately 20 mg/ml and flash frozen in liquid nitrogen for storage.
XPD and N-p44 (1-285) from C. thermophilum were cloned as described previously (3) . XPD was expressed as N-terminally His-tagged proteins in E. coli ArcticExpress (DE3)-RIL cells (Agilent). Cells were grown in TB medium at 37°C until they reached an OD600 of 0.6-0.8. Expression was started with the addition of 0.05% L-arabinose and performed at 11°C for 20 h. p44 was expressed as N-terminally His-tagged protein in E. coli BL21-CodonPlus (DE3)-RIL cells (Stratagene). Cells were grown as described for ctXPD and expression was started by adding 0.1 mM IPTG at 14°C for 18 h. XPD and p44 were purified to homogeneity by metal affinity chromatography (Ni-IDA, Macherey&Nagel) as described previously (3) followed by size exclusion chromatography (SEC) (20 mM HEPES pH 7.5, 200 mM NaCl) and an additional anion exchange chromatography (AEC) step in the case of XPD. AEC was performed using a MonoQ 5/50 GL column (GE Healthcare) with 20 mM HEPES pH 7.5, 50 mM NaCl, and 1 mM TCEP as loading buffer and the same buffer containing 1 M NaCl was used for elution. The final buffer after AEC was 20 mM HEPES pH 7.5, 250 mM NaCl, and 1 mM TCEP. The proteins were concentrated to at least 5 mg/ml based on their calculated extinction coefficient using ProtParam (SwissProt) and then flash frozen for storage at -80°C. The NADH-coupled ATPase assay was performed as described previously (27) in plate reader format. Imaging buffer containing the NADH-reaction components was supplemented with 1 mM fresh TCEP, protein (100 nM (equimolar concentrations for XPD N-p44 and XPD p44/p62)), and 50 nM of DNA substrate. The reaction was started with the addition of 1 mM ATP to each well, and the change in OD340 (NADH) was monitored every 8 seconds/well over 30 minutes at room temperature in a Clariostar plate reader. The rates of NADH consumption were used to calculate kcat.
Reactions were repeated 3 times, and S.E.M used as errors values.
In vitro helicase assay
Helicase activity was analyzed utilizing a fluorescence-based assay. We used an open fork substrate with a Cy3 label at the 3' end of the translocated strand where unwinding of the DNA substrate reduces quenching of the Cy3 fluorescence. 
Single Molecule DNA Tightrope Assay
For a detailed protocol see (24) . p44/p62 interactions with DNA were studied in imaging buffer (20 mM Tris pH 8.0, 10 mM KCl (100 mM for high salt), 5 mM MgCl2, 1 mM TCEP). Videos for diffusion analysis were collected between 30 seconds and 5 minutes at 10 frames per second. Video analysis was performed in ImageJ as described previously (23) .
